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Abstract—Missionsin NASA's SolarTerrestrialProbeline
feature challengessuch as multiple spacecraftand high data
productionrates. An importantclassof scientificinstruments
that have for yearsstrainedagainstlimits on communications
arethe particledetectoraisedto measurespaceplasmadensity
temperatureandflow. ThePlasmavomentApplication(PMA)
softwareis beingdevelopedfor the NASA RemoteExploration
& ExperimentationREE) Programs seriesof Flight Proces-
sor Testbeds. REE seeksto enableinstrumentscienceteams
to move dataanalysessuchas PMA on boardthe spacecraft
therebyreducingcommunicatiordownlink requirementsHere
we describehe PMA for thefirst time andexamineits behaior
undersingle bit faultsin its static state. We find that ~90%
of the faults lead to tolerable behaior, while the remainder
causeeither programfailure or nonsensicatesults. Thesere-
sultshelpguidethedevelopmenibf faulttolerant,non-hardened
flight/scienceprocessors.
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1. INTRODUCTION

UTURE missionan NASA's SolarTerrestrialProbe(STP)

line have challengingrequirementsnvolving multi space-
craft operationsand sciencedatacommunication. Thesemis-
sions form an important part of NASA Sun-EarthConnec-
tionstheme[1,2]. Onesuchmissionis STPs Magnetospheric
Multi Scale(MMS, launch2007),which consistsof five space-
craft eachcarrying a full complementof scienceinstruments
designedto obsenre the fundamentalprocesseshat structure
Geospacethe nearEarth spaceervironment[3]. To fit within
missionresourcebudgets MMS sciencereturnis purposefully
limited by obtainingdataat a highrateduring“burstmode” op-
erationsduring limited portionsof MMS orbits. For the rest
of the orbit, “normal mode” storeslow resolutiondatafor later
transmissiorto Earth. By performingsomedataanalyseson
board the spacecraftthe sciencereturn of missionssuchas
MMS may bedramaticallyenhanced4].
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For example theparticledetectorsisedn spacephysicsexperi-

mentsmeasur@ropertiese.g. massmomentumandenegy, of

theparticlesmakingup the spaceervironment.For mary years
thesesciencanstrumenthave beencapableof producingmore
informationthancanreasonablype downlinkedto Earth. Thus
communicatiodimitationshave restrictedhequality of theraw

measurementa&hichin turnlimit the conclusionghatwe may
draw from our obsenations. The STP componenof NASA's

RemoteExplorationand ExperimentatiorProject(REE)is de-

veloping methodsof on board data analysisthat will enable
STP missionsthat are currently infeasibledueto communica-
tion limitations[5].

Before sciencedatacanbe usedto achieve missiongoals,im-
portantcalibrationsandreductionamustbe performed.Results
of theseanalysesequirestoragethatis oftenthousandef times
smallerthanthe storagerequiredof the original raw data. By
performingtheseanalyse®n boardspacecrafandtransmitting
the resultsto Earth one gainsthe opportunityto reducesci-
encecommunicatiorrequirementdy thousandsaswell. How-
ever, performingtheseanalysesn real-timeon boardspacecraft
requirescomputingcapability that is not feasibleif obtained
by traditionaltechnique®f constructingradiationtolerantsys-
tems.The REE Testbeds a prototypeflight processothatuses
a mixture of hardwareand softwaretechniquego mitigatethe
effects of radiationinducedfaults while providing supercom-
puting performance.

In this work, REE/STPpresentsa software applicationbeing
developedfor the REE Testbedthat analyzesparticle detec-
tor data. The PlasmaMoment Application (PMA) calculates
plasma(fluid) momentsincluding the spaceplasmadensity
bulk flow, pressureand heatflux. Thesemomentsare cal-
culated using spatial discretizationtechniquesreminiscentof
finite-elementanalysis (FEA). Theseunstructuredgrid tech-
niguesallow the analysisof almostarbitrarily constructedor
editeddatasets. Model fitting and parameteestimationwill
be usedto addressnescapabléblind spots”and otherimper
fectionsin particle detectordata. PMA represents first step
towardsautonomouspacescienceadataanalysis andthis paper
is, to our knowledge thefirst descriptionof how a dataanalysis
codedevelopedwithin the spacesciencecommunityresponds
to faults.
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2. PLASMA MOMENT APPLICATION

The PlasmaMoment Application consistsof a model particle
spectrometeandananalysigorogram.Themodelparticlespec-
trometerproducesa set of sensorreadingsand relatedinfor-
mation; from thesesensomreadings sensorconfiguration,and
spacecrafattitude,amapof theplasmain velocity spaces con-
structed. The analysisprogramcorvertsthe sensoreadingsto
a plasmapatrticle densityper unit volume of phasespace(ve-
locity x position). After this corversion,the analysisprogram
fits an anisotropictemperaturglasmadistribution to the data;
thisfit is usedto patchdatagapsandasa checkon subsequent
analysis.The analysisprogramthenconstructsa grid from the
distribution of sensomreadingswhich it thenusesto calculate
statisticaimomentdy numericalquadratureThoughmotivated
by existing plasmaparticlespectrometergshesemodelsareim-
plementedat a slightly moreabstracievel sothatthey maybe
specializedo avarietyof detectorandmeasuremerstratejies.

PMA SpectometerModel

Ourinitial spectrometemodelis looselybasedon the Electron
SpectrometeExperiment(ESE) on ISEE-1[6]. This device
is designedto obsene the three dimensionalelectronplasma
distribution functionasthe spacecraftnovesthroughGeospace
including the solarwind, magnetosheatlgutermagnetopause,
andneartail regions. At the outputof eachof six electrostatic
analyzersa two channelelectronmultiplier registersthe influx
of electronsfrom given differential enegy rangesand direc-
tions. The ESElogarithmicallystepsthrough16 enegy levels,
dwellingequallyateachandcomplete®neenegy sweepevery
half second.Eachelectronspectrometeis pairedwith anothey
andthepairsarearrangedn threemutuallyorthogonabxes.A
singledetectoiis depictedn Figurel. AsthelSEE-1spacecraft
rotatesevery threesecondsthe views of the spectrometerare
sweptacrosghesky andathreedimensionapictureof theelec-
tron andtheir flow in the vicinity of the spacecrafts recorded
every half second.

ThePMA SpectrometekModelis notconstrainedo specifically
representhe ISEE-1/ESE Many of the parametershat deter

minethedataproductionrateof the ESEcanbechangedothat
therequirement®f otherparticleobsenation stratgjiescanbe
studied.Theseparameterinclude: the numberof enegy steps,
the centralenegy andrangeof eachstep,the steprate,andthe
numberof detectors. The effective apertureof the instrument
andthe solid anglefrom which particlesareadmittedcanalso
bespecified At themomentwe presumedealefficiency, in that
eachenteringparticleis counted. The spacecraft, andhence
theinstruments, rate of rotationmay alsobe specified. These
parametersontrolhow particlevelocity spacds sampled.

To determingheflux of particlesinto theinstrumentasmallset
of simpleplasmamodelshasbeenimplemented Thesemodels
mapthe particlevelocity spaceo arealvaluedphasespacedis-
tribution function. Themodelwe usehereis asimpleGaussian,
or normaldistribution, centeredbn the meandrift of theplasma
relative to the spacecraftandwith a width determinedby the
plasmatemperature.The integration of this particle distribu-
tion over a sampleregion of velocity spaceyields the average
numberof particlesthatenterthe detectorneglectingstatistical
fluctuation.To modeltheactualnumberof particlesenteringthe
detectowe selectarandomnumberfrom aPoissordistribution
with theaforementionedverageasits mean.Thisprocesss the
inverseof the datareductionwhich is describedn moredetail
below.

The preceedingwo paragraphsave dealt with how velocity
spaceis sampledby a modelinstrumentandhow the contents
of velocity spacearedetermined.Thusasthe instrumentpro-
ceedghroughits obsenationsit buildsup adatasetof measure-
mentsandrelevantauxillary dataincludingtime anddurationof
obsenation, andinstrumentconfigurationand position. These
dataand metadataare readinto and processedy the analysis
portion of the PMA application.

PMA AnalysisProgram

The instrument-modellingortion of the PMA readsa file that
containsparameterswvhich define a model spectrometerand
plasmaand producesa setof files that containflux measure-
mentsanddescriptie information. The analysisportion of the
PMA readsthesefiles with the objective of calculatingthe sta-
tistical momentsof the obsened plasmadistribution in veloc-
ity space.The momentsto be found correspondo the plasma
density bulk velocity, temperatureand heatflux. The steps
requiredto transformthe measurementmsto the desiredfluid
momentsareoutlinedin Tablel.

Portionsof the PMA programare not exercisedfor this work.
Thecalibrationstepmentionedn Tablel is usuallyiterative in
nature,andnot qualitatively differentfrom the “patchingstep”.
The patchingstepis similarly truncatedfor the runspresented
here. The modelusedfor patchingthe datais constructedo
exercisethelinearalgebralibrary; the modelthusobtainedwvas
savedfor latercomparisono theresultsof themomentcalcula-
tion. However, for thiswork the actualpatchis not constructed.



TABLE 1
OUTLINE OF PMA PROGRAM

. Inputdata

. Transformto working coordinate® units
. Calibrate

. Patchholesin dataset

. Constructgrid from data

. Calculatemoments

. Write results
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Constructinga patchrequiresamatrix-vectormultiplicationand
theadditionof a“few” modeleddatapointsto thedataset. Our
experienceswith this processwill be documentecklsaevhere,
but herethe focusis the behaior of PMA underfaults,andwe
feel that an additionalmatrix-vector multiply will not signifi-
cantlyaffect ourresults.

Here, calibrationmeansaccountingfor the differentsensitvi-
ties of the variousdetectors. Thesedifferent sensitvities are
dueto intrinsic variability in thesedevicesasshippedor differ-
encesin how they wear Thesedifferencescanbe ameliorated
by comparinghow differentdetectorgespondto a predictable
environment,for example,by usingthe solarwind asa calibra-
tion beam.For theseinstrumentghe calibration,thoughimpor-
tantfor theanalysisof realdata,lookslik e afilter, amodelfit, or
iteratesof these.Becausea modelfit is requiredfor the patch-
ing step,the additionof the calibrationstepwill notaddto the
presentstudy but will be addresseih future work. Therefore,
our modelspresumeadeal (cross)calibration.

Spacecrafoften acquirean electric chage, which leadsto a
spacecraftlectricpotential¢,.. Chagedparticleswhich enter
the detectormove throughthis potential,changingtheir ener
gies.Thereforejn reconstructinghe PDFfrom thesensodata,
we mustaccountfor theshift AE in particleenegy E:

AFE = q ¢sc- (1)
This enepy shift is usually small and the velocitieslow, so
nonrelatvistic formulae may be used. Currentcode simply
dropsdatawith E < gq¢s., andfits the patchto highereneny,
E > q¢sc, data.

ModelFitting

Modelfitting is onemethodthathasbeenusedto addressrreg-
ularitiesin plasmaanalyzerdata. Particleswith low velocities
relative to thespacecrafareparticularlydifficult to measurdor
two reasonskFirst, alower velocity impliesalower flux into the
instrumentwhich implies lower countratesand greateruncer
taintiesandfluctuationsin particleflux. SecondJower veloc-
ity particlesaremoresusceptibldo the electricpotentialof the
spacecraft.A spacecrafplacedin the Sun’s ultraviolet radia-
tion becomelectricallychagedanddrivesanelectriccurrent
in the surroundingplasmathat“corrupts” measurementsf the

propertiesof the spaceplasma. For thesetwo reasonsmea-
surement®f the plasmaparticledistribution function at lower
enepiesaredifficult to interpretandoftenlook like a“hole” in
thedata. A way aroundthis problemis to “patch” the hole by
fitting amodeldistribution function,e.g.aMaxwellianor Gaus-
sian,to themeasuremen@ndthenusingthis modelto generate
modeldatain the hole.

In this work, we usea ten parameteigeneralizedviaxwellian
(Eg. 2). Theparameterareof thefollowing form:

Inf~By+B-v+v' -B-v, (2)
where is anuppertriangular3 x 3 matrix; the symbol " de-
notestranspositionNotethatln f is acolumnvectorof data,in
the computerscientificsensejndexed by v. Hencethe model
In f is linearin the parameters3 = (B, B, B), Eq. 2 canbe
rewritten:

Inf=VB, ©))

whereV is definedto make Egs.2 and3 equialent. Further
more, )V depend®n the velocitiesv at which the datawasob-
tained.We canwrite the j** row of V

wherej indexesthemeasurementg;, v;. Onecantestthepatch
to f by checkingfor kinks or non-monotonicity

(1, vj, v;—..vj) B,

Becausehelogarithmof the modeldistribution functionis lin-
ear, we usea linearleastsquareditting proceduremplemented
with PLAPACK [7] andLAPACK [8]. PLAPACK (ParallelLin-
earAlgebraPackage)s anobjectorientedlibrary thatprovides
densdinearalgebrafor multiple processocomputersisingthe
Messagéassingnterface(MPI) [9]. Furthermoreexperiments
in Softwarelmplemented-ault TolerancgSIFT) arebeingper
formedwith PLAPACK, with the planthatapplicationsuchas
PMA will gainenhancedobustnesgo faults simply by using
a SIFT basedversionof PLAPACK. After the modelparame-
tershave beenfound,they canbe usedto patchirregularitiesas
mentionedabove, or they canbe comparedwith the resultsof
the plasmamomentcalculationto be discussedbelow.

PlasmaMoments

The primary function of the PMA is the plasmamomentcal-
culation,which proceedsftercalibrationandpatchinghave re-
sultedin aconsistentcompletedataset. To allow agreatvariety
of measuremerstratgiesto bestudied,aswell asto allow easy
import of existing particle spectrometrydata,the PMA usesa
verygeneramethodo partitionvelocity spacausingtechniques
from finite elementanalysig10].

The fundamentalquantitiesof interestare the plasmaor fluid

momentsof the distribution of particlesin the spaceerviron-

ment. The density bulk flow velocity, andthe pressureensor
are

n= /d%f(v), (5)



TABLE 2
QUANTITIESASSOCIATED WITH PDF ESTIMATION.

Symbol Interpretation Dependencies
t Time
0,0 Azimuth andco-altitude t
n Detectorunit normal 0,9
v Particle velocity 0,0,t
v Velocitymagnitude  v=|v|=-n-v
C Measuredarticlecounts v
f Distribution function C,v,0,¢
TABLE 3
THE GEOMETRIC FACTOR 77 CONNECTING THE PDF AND COUNTS.
Symbol Interpretation Dependencies
A Detectorcollectingarea t
09 Solidanglesubtended 62 =sinfdbdop, £
ot Measuremenduration t
E~SE Enegy bandpass t
n Integrationfactor n=A65t(2E)16E
1 3
u=— [ d°v f(v)v, and (6)
n
P [ @) (v - wiv ) (7)

where we interpretthe dyadic productin Einsteins notation

thusly: ab = a;b;. Theintegralsareevaluatedover the particle

velocity spaceandm is the massof the particle,e.g. electron,

proton,ionized Oxygen,being studied. The tensorproductis
definedby: P - v = Pj;v;.

Theheatflux tensoris givenby:

0= /d%f(v)vz"* B“W”"”%““Z ’
®)

whereu = |u|. Finally, in practiceit is not always necessary
to evaluaten, u, P, Q, aswritten above. For somepurposes,
integralsof thedyadicpowersof v areadequategandfrom these

the pressurandheatflux canbe calculated.

Thedifferentialnumberof particlesenteringthedetectorwhich
ideally equalsthe numberof countsregisteredby the detector
duringagivendatagatheringnterval is

C(v)=—d*v f(v)An-vt. 9)

In the caseof nonrelatvistic enegies,the velocity volumedif-
ferentialmay be relatedto particledetectorparametersia Ta-
bles2 and3 to find:

fv) = (10)
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Figure2. Particledistribution functionin PMA dataformat. Datais from the
HAWKEYE spacecraff11,12].

Unstructued Grid & Quadmature

A three dimensionalgrid or meshis constructedin velocity
spacefrom the positionsof the spectrometedata. The grid is
constructedusing the Delaunaytriangulationimplementedin
the GEOMRACK library [13,14]. Theresultinggrid is a setof
tetrahedralvolumesthat partition velocity space;the vertices
of thesetetrahedratorrespondo velocity spaceneasurements.
From thereit is a simple matterto evaluatefunctionsdefined
on the measurementsncluding the calculationof momentsof
the plasmaparticledistribution by numericalquadrature Inte-
grationsovervelocity spacebecomesummation®ver the setof
tetrahedra.

An adwantageof this approachis thatnearlyarbitrarydistribu-
tions of measurementhay be handled.A key disadwantages
onethatalsoarisesin FEA, namelythe errorsthat canbe in-
troducedby poorly shapedetrahedraPoorlyshapedetrahedra
leadto difficultiesbothin grid constructiorandnumericalkerrors
duringcalculation.Neverthelesswe feel thatthis FEA inspired
approachallows oneto extract information from the dataset
with minimaltransformatiorbecausehe datais left “in place”,
and not accumulatednto bins or scatterecbnto a grid. Thus
ourapproachwill providethebesttime resolutionpossiblefor a
givendatasetbecauséhereis no grid to befilled with data:the
datadefineshegrid. Furthermorepurapproactallows particle
spectrometedevelopersto startto considerreactve, adaptive
measuremenstratgies that allow the instrumentto focus on
featureswithin velocity spacepbtaininghighertime andveloc-
ity spaceresolution.

Anotherissueinvolving grid constructionjs that GEOMFACK

forms a corvex-hull of the datapoints. The corvex hull is the

minimal corvex surfacethatenclosesll of the points. For sam-
plingsof velocity spacehatareessentiallynon-corvex, thiscan
leadto grids(discretizations)hathave copious,li-shapedetra-
hedraasmentionedabove. The way aroundthis problemthat
we have pursuedis basedon the recognitionthat in spherical
coordinatesheregionsof velocity spacesamplesareessentially
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Figure3. Thediscretizatiorof velocity space.

corvex (Figure3).

The location of the datapointsin the angulardimensionsare
trivially bound,while the magnitudeof the velocity hasgiven
upperandlower limits. Therefore the datapointslie within a
rectangulavolumein sphericalcoordinates.As long asthere
is a sufficient densityof pointswithin this volume,oneobtains
goodresultsfor both the automatedliscretizationand the nu-

mericalcalculation.Futherdetailsregardingthe automatediis-

cretizationare beyond the scopeof this work andwill be pre-
sentedelsavhere, including a discussionof issuesrelating to

troublesomealegenerategoints.

Let¢; denotehedirectionandvelocity stateof the detectodur-
ing measurement &; = {v;, 6;, ¢;}. With this definition we
write the estimatedistribution functionat &; as f;. We canthen
evaluatetheintegralsEq. 5—-8 by numericalquadraturdecause
weknow theintegrandsasfunctionsof thedata:¢; and f;. After
thetriangulation alist of tetrahedras constructedThevolume
of eachtetrahedras determinedy its four verticesdetermined
by &;. We determinethe tetrahedra contribution to the inte-
grals by linearly interpolatingthe appropriatefunctionsof f;
and¢; from thenodes.

3. TESTING METHOD
ApplicationForm

In this paperwe considerthe effect of faultson this dataanal-
ysis scheme.A goal of the REE effort is to allow instrument
operatorsor scientiststo run dataanalysisprogramson board

TABLE 4
APPLICATION ENVIRONMENT
Apple PoverBook2000
384MB RAM
Yellow Dog Linux ChampionSenerv1.2
Kernelversion2.2.15prel9
PLAPACK 2.08
GEOMPACK version3
LAPACK version2.0 (Very few routinesused)
MessagédPassinginterfaceMPICH 1.2.0& p4[15,9,16]
ABSOFT Fortran90 version3.0 & bundledIMSL
GNU gcc2.95.2
Optimizationenabledor C & Fortrancompilers

thespacecraftFurthermoreREE seekgo provide acomputing
ervironment,basedon commercial-of-the-shelf(COTS) com-
ponentsaugmentedy Hardwareimplementedault tolerance
in conjuctionwith SIFT (H/SIFT), that otherwiseclosely re-
sembleghe computingernvironmentusedby the ground-based
scientist.Scientisigeneratednalysigprogramsretorunonthe
REE Flight Processoandwill suffer faults. Therefore mostof
the PMA codewas constructedusing Fortran 90 and 95 with
enoughC andshellscriptingto allow for library accesandrun
managemen(Table4). Much arithmeticwas performedusing
doubleprecisionfloating point.

To startto determinehow faultsaffect suchscienceprograms,
we have subjectedhe PMA to faultsandhave studiedtheir ef-

fects. REE s in the processof bringing a hardware and soft-

ware basedfault injector on line; this fault injector will allow

faultsto beinjectedinto variouspartsof the REE Flight Proces-
sor Testbedjncludingmemory cacheregisters,etc. Currently

however, we do not have readyenoughaccesdo the run-time

stateof the PMA andprocessoto allow extensie testingof the

dynamicportionsof the PMA process.

Onthe otherhand,we have full accesgo the staticstateof the

program!. Thereforeto startour testingwe have pursuedthe

following simpleprocedureThe PMA analysisexecutableand
model datawere archived without compression.This archive

was copied and then a randomly chosenbit in the copy was
flipped. Every bit hadanequalchanceto be chosen.The PMA

anddatawerethenextractedfrom the archive andthe analysis
wasrun. The run-time ervironmentfor the testsusedhereis

detailedin Table4. The sizeof the executableanddatasetare
givenin Table5; this shows the relative sizesof the two parts
of the applicationwhich impliesthatthe executabldik ely suf-

fered about50% more faultsthanthe data. No specialeffort

was expendedto reduceexecutablesize or enhancerun-time
robustnessandthe datasetuseddid not modelary particular
instrument.

1 By static statewe meanthatstateavailable beforerun-time. Dynamicstate
is complementarilydefined.



TABLE 5
SIZES OF STATIC PORTION OF PMA

TABLE 7
CLASSIFICAITON OF THE 88 SEVERE ERRORS

PMA Portion MB: Megabytes
KB: Kilobytes.
Dataset 1.1MB
Executable 1.6MB
Run-controlinputfiles 1.5KB
TABLE 6
RESULTS FROM ERROR TESTING.
Percentage Number Characteristic
100.0 1161 Iterations
7.6 88 Severecontrolflow errors
92.5 1074 Producech & u
91.0 1057 n within 0.5% of correct
80.7 937 n nggligible difference
15 16 n intolerablycorruptedresults
90.4 1050 u within 0.5% of correct
77.0 894 u nagligible difference
1.7 20 uintolerablycorruptedresults
4. RESULTS

Theresultsof aseriesof runsis takulatedin Table6. Thezeroth
moment(density)wasexaminedfor discrepancieBom thenon-
corruptedcontrol run. Two tenthsof the runs either did not

successfullycomplete or produceda densitythatdifferedfrom

true. However, half of the non-nagligibly corruptedresults,i.e.

onetenthof theruns,produceddensitiegshatwerewithin 0.5%
of true and are thereforeusable. Similar resultsare obtained
if the first velocity moment,i.e. the bulk flow velocity u, is

studied.

Thetypesof errorsaresummarizedn Table7. Of the88errors
that haltedthe program,just underhalf seemto have caught
within the “lower” levels of MPICH andits p4 substrate.An-
other 15% were caughtby the operatingsystem(OS), which
never falteredduring thesetests. Justunder25% of the seri-
ouserrorsoccuredin PLAPACK or higherlevels of MPI, e.qg.
incorrectPLAPACK argumentsor faulty MPl communicattion
parametersetc. A numberof Fortranrun-time errorsalsooc-
cured,thoughabouthalf of themseemdueto corruptionof the
archiveandthusarenotdirectly relevantto thecurrentproblem.

Table 8 shows the sourceof faultsthat causedthe 88 serious
errors. Over three fourths of the seriouserrors were caused
by bits flipped in the executable. Packagelevel errors, e.g.
PLAPACK/DLINRG, areduemainly to datacorruption. Error
induced“user aborts” are evenly split betweendataand exe-
cutablecorruption. For sgmentatiorviolationscaughtin MPI,
faultsin the executableoutnumberfaultsin the databy nineto
one.Thefaultsthatproducedhe 16intolerableresultsrecorded
in the Table6 did not causethe PMA to crash;consistentvith
thisis that 15 out of thosel6 faultsoccuredn data.

Number

42
21

Type of severeerror
MPI or p4 caughtSIG BUS/SEGV
PLAPACK or higherlevel MPl/userabort
13 OScaughtllegalinstruction/sgmentatiorfaults
10 FORTRAN run-timeerrors
2 Terminateddueto excessve run-time

TABLE 8
L OCATION OF FAULTSLEADING TO THE 88 SEVERE ERRORS

Number Applicationareaof fault
67 executable
15 data

6 archie(file) structure

5. CONCLUSIONS

In this work we have shavn thata dataanalysisprogramwrit-
ten by a scientistfor a COTS parallel computerand develop-
mentsystemcan have reasonabl@erformancen the presence
of faultsto its staticstate.Thisis partially dueto therobustness
of doubleprecisionfloating pointarithmeticto singlebit errors.
Anotherreasorfor the applications robustnesss thatPMA re-
ducegthedatato statisticalmomentswhich reducegheoverall
impactof dataerrors.FurthermorePMA operatesisafilter that
undegoesonly alimited amountof iteration. Thereforethereis
nota greatdealof time for faultsandtheir consequences ac-
cumulate.Fresh,new processewill continuallystartandlimit
theeffect of faultsto old, expired processes.

Applicationsthatrequirelong lifetimes, seners,operatingsys-
tems, systemmonitors, mission planner/schedulemnay drive
faulttolerancedevelopmenthut scienceanalyseseenfrom the
startmorerobust. However, for scienceanalyseshatmayaffect
missionoperationsstringentreal-timerequirement®n system
or instrumenthealthand safetymay drive higherlevels of sci-
enceapplicationrobustnesshanwe have obsenedwith our ex-
perimentswith the PMA. Certainly giventhe inherentrobust-
nessof PMA, achiesing thesehigherlevelsof reliability seems
feasiblewithin the REEtechnologydevelopmentramework.

The logical continuationof this work is to performa similar
seriesof testsusingthe fault injection capabilitiesof the REE
Testbed. With that systemwe will be ableto determinehow
PMA respondgo errorsin its dynamicstate. We doubt that
the resultswill differ greatly from what we have found here,
thoughtheremay be a somevhatwider rangeof consequences
dueto thebroaderangeof faults.Certainly we will gainabet-
ter appreciatiorfor the behaior of the PMA whenotherparts
of the computingsubsystensuffer faults,becausé¢hatis some-
thing we are currently not ableto test. Our resultspoint out
thatthe REE emphasi®n hardware,softwarelibraries,andOS
faulttolerancas well placed.PMA will beusedto testthefault
tolerantversionsof theseCOTS componentdor spaceborne
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